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Abstract: The increased number of energy efficiency requirements of the European Union has
increased the renovation rate of apartment buildings. The external thermal insulation composite
system (ETICS) is often used to upgrade the façade. However, the construction process shortcomings
very often cause defects shortly after completion. This paper develops a technical–economic relevance
assessment model of the onsite degradation factors for better quality assurance in an SME. The model
quantifies the technical significance of the degradation factors along with the future repair costs.
The technical severity of 103 factors is evaluated by 12 experts, and the data is validated with the
Friedman’s test. The occurrence ratio, detectability, and latency period are foreseen by five experts
and validated with the Delphi technique. The results of the three sample simulations emphasize
the activities during substrate preparation and application of adhesive as well as a base coat with
reinforcement mesh. The application of a finishing coat and installation of insulation plates have
less relevance. It is recommended to upskill the craftsmen in regard to working with mixtures as the
shortcomings are covered simultaneously and the failure detection period is short. The measures to
protect against external weather effects are recommended due to their relatively high impact. Half of
the shortcomings appear during the first two years.
Keywords: construction management; construction technology; ETICS; risk management
1. Introduction
Reducing the energy consumption of the built environment is a topic that has been tackled by the
European Commission in recent decades [1,2]. The increased number of energy efficiency requirements
has increased the refurbishment rate of apartment buildings covered with an external thermal
insulation composite system (ETICS) [3,4]. In Germany, Institut für Bauforschung [5] investigated
the dwellings which did not achieve the expected energy efficiency expectations after refurbishment.
The study found that the construction process activities are responsible for 66% of the cases of failure.
Neumann [6], on the other hand, assumes that three-quarters of the failures due to on-site construction
activities are avoidable. Defects caused during the construction process affect the performance of the
system and incur financial consequences. As there are many requirements to be followed during the
construction process, it is rational to focus on the activities which occur most often, are harder to detect,
are technically more relevant, and will cause high repair costs in the future.
The results of the studies on technical [7] and economic relevance will be presented separately.
The results of these individual studies have diverse recommendations due to the different components
involved in the evaluation models. A single united model is essential to combine the perspectives
and provide recommendations to the industry. This paper develops a common technical–economic
relevance (TER) model which enables the onsite construction process activities of ETICS to be
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prioritized, taking into account a combination of aspects. The systematized framework quantifies and
merges the qualitative technical experience of experts and time-dependent economic data.
The onsite activities of ETICS influence the deterioration in each stage of the application
process. As each layer of the system has a different technical purpose, the significance to the
system’s performance is diverse. Regulation No. 305/2011 (Construction Products Regulation) [8]
of the European Parliament and the European Council has set the general guidelines for building
products, while the façade system-specific guidelines are presented in the European Technical Approval
Guidelines for External Thermal Insulation Composite Systems with Rendering (ETAG 004) [9].
The documents describe the essential requirements that construction products and buildings need to
meet during their economically reasonable working life. Much research in the field of ETICS observes
the quality aspects in isolation, making a rational relevance comparison impossible. The case studies
of deteriorations have been diagnosed in several books [6,10,11], as well as studied in the controlled
environment laboratory [12–14]. These and many other studies reveal a number of possible causes
which should be compared to a single system.
Skitmore and Marston [15] and Woodward [16] have argued that construction quality is
correlated to its cost. The elimination of inadequacies during the construction process takes fewer
resources and less effort in comparison to future repair activities. The developed economic relevance
model developed in another research paper, based on the method of failure mode effects analysis
(FMEA), evaluates the onsite inadequacies while considering their repair costs, occurrence probability,
and detectability during the application process. The approach differs from the traditional FMEA
model, as economic severity replaces technical severity. A similar approach has been used by
Shafiee et al. [17], Rhee and Ishii [18], and Carmignani [19] to highlight the financial impact of the
failures. The need to include other relevant components of the traditional risk assessment model
is emphasized by Bowles [20]. He argues that the economic aspect is underrated and should be
considered during decision-making. The FMEA model has been criticized due to the multiplication
of variables on the equal scale by Pillay [21], Bowles [20], and Carmignani [19]. The main criticism
concerns the need for weighting factors in the calculation, as detectability and occurrence are not as
relevant and their impact should be reduced. Carmignani [19] and Bowles [20] additionally point
out the inaccuracy of predicted future costs. It can be acquiesced that the costs may change due to
economic and political as well as technological alterations. However, the developed method enables
reapplication as relevant alterations occur.
This paper combines the four factors (technical severity, financial impact, occurrence,
and detectability) into a merged assessment model. The interpretation of the results enables the quality
to be improved through resource allocation during the construction process as the focus is set on highly
relevant activities. This paper describes the framework of the model and the interaction of variables,
as well as a selection of degradation factors for the simulations. The received weighted technical
severity value (SV) and the economic risk priority number (ERPN) are visualized on a two-dimensional
risk matrix to set the priorities of on-site activities. The model is tested on three simulations and the
results are discussed.
Scope and Limitations
Construction products are rapidly improving as new construction technology emerges. The model
is developed with the aim to quantify the relevance of onsite shortcomings of ETICS of existing
dwellings. Therefore, the data collected for the simulation model concerns systems with the following
characteristics:
• the subject is an existing multiapartment building;
• external walls are made out of masonry or prefabricated concrete panels;
• the fixing method is either purely bonded with adhesive or mechanically fixed with anchors and
supplementary adhesive;
• reinforcement consists of base coat and fiberglass mesh;
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• the thermal insulation product is made out of mineral wool or expanded polystyrene with
a thickness from 150 mm to 250 mm;
• the study concerns the region of Estonia, which lies in zone Dfb (warm summer, fully humid,
snow climate) according to the Köppen–Geiger map.
The simulations in this study concern three different project-based cost scenarios with the
characteristics shown in Table 1.
Table 1. Characteristics of the simulations.
Simulation No. ETICS Type Insulation Type Insulation Thickness Fixing Method
Simulation 1 ETICS 1 Polystyrene 200 mm Purely bonded kit
Simulation 2 ETICS 2 Polystyrene 200 mm Mechanically fixed kit withsupplementary adhesive
Simulation 3 ETICS 3 Mineral wool 200 mm Mechanically fixed kit withsupplementary adhesive
2. Materials and Methods
The technical–economic relevance (TER) model of ETICS is a complex system, which quantifies
the technical severity as well as the future costs incurred by the shortcomings and considers the
occurrence possibility along with detectability during the construction works. The framework of
the model (Figure 1) visualizes the simplified interaction of the components included in the model,
while the research design (Figure 2) visualizes the process of the model. This paper represents a further
development in the research on technical severity [7] and economic risk assessment and approaches
both aspects in a unified TER model.
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Figure 1. The framework of the technical–economic relevance (TER) model. Figure 1. f ic r le a ce (TER) odel.
The research design is divided into eight phases, which are marked as grey areas in Figure 2.
The model can be followed by individual companies to calculate firm-specific risks in the context of
economic changes, seasonal influences, and other macroeconomic aspects.
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Firstly, the scope of the system as well as specific limitations are to be set (phase 1).
Then, the degradation factors are to be selected and described as a questionnaire (phase 2). This is
followed by the selection of the experts (phase 3). To consider the economic aspects, the macroeconomic
data needs to be extracted to discount the future costs and to specify the repair method (phase 4).
The data collection and analysis is divided into two evaluations due to the difference in the nature of the
data. The evaluation of technical aspects requires in-depth knowledge and understanding of the façade
system (phase 5). The occurrence ratio, detectability, and latency period of the shortcoming is more
region-, company-, and craftsmen-specific and concerns the forecasting as well as practical observations
(phase 6). Historical cost data is company-specific and is extracted from similar construction projects
described in the system’s scope (phase 7). As all the data has been acquired (phase 8), the SV and ERPN
position each degradation factor into a risk category and their TER value is calculated for ranking.
This enables analysis of the results and the development of recommendations.
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The subchapter of the research methods provides an overview of the met odology for the selection
of d gradation factors (Section 2.1) and experts s w ll as he construction company f r historical data
extraction (Section 2.2). The concepts concerning the SV are discussed in Section 2.3. The region-specific
data (probability o the occu rence, detectability, and latency period) is discussed in Section 2.4, and the
calculation of the ERPN is provided in Section 2.5. The final section presents the aggregation of all of
the components as well as the categorization of the risk.
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2.1. Onsite Degradation Factors of ETICS
The general requirements for ETICS are set by the European Technical Approval Guidance ETAG
004 [9] and are applicable for the material producers. Based on these requirements, the material
producer provides installation guidelines and limitations according to their system specifications.
These documents describe the set of requirements that the onsite activities must meet. During the
onsite construction process, there are specific activities which are needed to achieve the finished end
product. The list of degradation factors was developed through two stages—literature study and
verification by two experts.
The list of shortcomings was formulated from descriptive instructions, recommendations,
harmonized standards and set requirements [9,22–26], research regarding simulations or material
studies conducted in laboratory conditions [12–14,27–51], field research [3–5,34,52–64], and books on
the topic [6,10,11]. The selected factors were verified by two experts, who had more than 12 years’
experience with ETICS. The reviews were conducted individually and independently, while the results
of other evaluations were not revealed. One expert who verified the list was located in Germany and
had a doctoral degree, while the second was located in Estonia and had a master’s degree in the field
of construction. Eleven irrelevant factors were removed from the further analysis, and the wording of
16 shortcomings was rephrased to reduce the illegibility and the suitability of the systems checked.
The final list of selected degradation factors is presented in Appendix A.
2.2. Identification and Selection of the Experts and Characteristics of the Construction Company
There is no quantified data available on the research subject. Therefore, the expert’s judgement
was used in this study to collect subjective data. The selection of experts plays an essential role in the
quality of the data [65]. The criteria for the selection of the experts were their in-depth knowledge and
understanding of technical considerations of ETICS as well as practical onsite experience. According
to Olson [66], variations across reviewers’ backgrounds are allowed. In his study in the construction
industry, Hallowell et al. [67] suggested that the identification of experts could be conducted through
the membership of a nationally recognized committee or by the participation of similar studies.
The expert should meet at least four of the following requirements:
• At least five years of professional experience in the construction industry;
• Tertiary education degree in the field of civil engineering or other related fields;
• Professional registration in the field of construction;
• Member or chair of a nationally recognized committee for ETICS;
• Writer or editor of a book or book chapter on the topic;
• A faculty member at an accredited institution of higher learning;
• Invited to present at a conference on the topic;
• The primary or secondary writer of at least three peer-reviewed journal articles.
As the model is developed for usage in small and medium enterprises (SME), it is expected
that the number of experts will remain small. The most suitable number of panellists has not been
determined in the literature. The size of the group depends on the availability of the experts, available
resources and research topic [68]. In other research in the construction industry, a small number
of experts is used in various studies. Studies have included 3 to 93 panellists in the construction
industry [68]. Hallowell et al. [67] proposed a panel size of between 8 and 12 experts, while
Rowe et al. [69] suggested including 5 or more experts on the panel and pointed out that there are “no
clear distinctions in panel accuracy” when the panel size varies from 5 to 11 experts. Hence, for the
user of the model, it is suggested to include at least 5 experts. Figure 3 visualizes the demographics of
the experts involved in this study.
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For the simulations of the model, the historical cost data of a construction company was used.
The construction company is located in Estonia and had specialized in façade construction for more
than 15 years by the time the data was collected. The estimator who provided the data has more than
15 years’ experience in the field of ETICS and has had tertiary education. For the user of the model, it is
recommended to use company-specific cost data and extract the costs from recent construction projects.
2.3. Weighted Technical Severity Value
For th building products us d in the European Union, the general international technical
requirement is set by the Regulation (EU) No 305/2011 [8] (also Construction Products Regulation or
CPR), which is the basis for the ETICS-specific guideline ETAG 004 [9]. The Construction Products
Regulation presumes that buildings and construction products meet the performance requirements
during their economically reasonable working life and describes seven essential requirements for the
construction products.
“Mechanical resistance and stability” (SC1), “safety in case of fire” (SC2), “energy economy
and heat retention” (SC3), and “protection against noise” (SC4) are considered in this study as
described in the regulation. “Sustainable use of natural resources” is explained in ETAG 004 as
measures of the “aspects of durability and serviceability”, which concern durability in several
aspects which are differentiated in this study. The system is required to protect against short-term
weather effects (“humidity and weather protection” (SC5)), deliver its functions during the whole
service life (“long-term durability” (SC6)), and be resistant to corrosion (“corrosion protection” (SC7)).
“Safety in use” considers the resistance to combined stresses caused by normal loads. For clarity, in
this research, the term “ability to bypass tensions” (SC8) is used. “Hygiene, health, and environment”
considers the effect on the indoor and outdoor environment as well as pollution due to the release of
dangerous substances, which is not seen as a separate severity category in this façade construction
technology-related study.
Each degradation factor affects the performance of each severity category, which influences the
total performance of the façade. Aurnhammer [70] has estimated technical defects concerning the
diminishing of the value to the users. In the case of a shortcoming in any segment, the final resulting
value decreases. The degradation severity is evaluated with a weighted impact method, in which
all categories sum up to 100%, describing the total failure in each category. Based on the weighting
method developed by Aurnhammer [70], the adjusted distribution (Figure 4) provides an evaluation
model to calculate the SV.
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simplifies the interpretation of the cases where no influence is foreseen. The SV for each expert is
calculated with Equation (1). The mean SV of all experts is the input value for TER calculation.
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(
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SRSC,max
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)
, (1)
where
SVDF,e is the weighted technical severity value (SV) of an expert;
SRDF,SC,e is the individual rating of an expert for a severity category;
SRSC,max is the maximum rating value for the severity category;
TSC is the weight of the severity category according to Figure 4.
Th experts’ judgments on ech ical severity were collected in 2016. Twelve exp ts out of the
id ntified 14 accepted the inv tation to participate in this study. Half of them w re located in Germany
and the other half in Estonia. N ne of the participants had practical xperience and three of them also
had the retical experi nce. Eight experts had more than ten years of experience in the field, while
four had more than 20 years of xperience. Six participants worked as consultants or sup rvisors,
four of them as technical sp ci lists for a product manufacturer, and one in the construction company.
The validity of severity values based on an expert’s judgement was tested wi h the nonparame ric
Friedman’s test, which increases th credibility of quantification o subjective evaluations [71,72].
The Friedman’s test is used for e ch degradation factor sep rately to dete t expert values wh ch are
in the critical zone. Th 103 degradation facto s concerned 991 individual evaluation . Fif y-three
degradation factors received positive Friedman test results n the first alysis. E ghty-two individual
evaluations were in the crit cal zo e and a maximum of four ounds were ap lied. After the Friedman’s
test, the datasets concerned 4 to 12 experimental units.
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2.4. Detectability, Occurrence, and Latency Period
For each degradation factor, the developed model requires data regarding detectability and
occurrence probability, as well as the latency period for the discounting of repair costs. The latency
period is a time range between the occurrence of the on-site shortcoming and the time when the
degradation has evolved and requires repair activities. The occurrence probability measures how often
the shortcomings occur, and detectability measures how difficult it is to notice the shortcoming during
the construction works. As this study aims to identify the situation in Estonia, the Estonian experts
were asked to participate in the region-specific data collection. Five of the seven Estonian experts
agreed to participate in the survey conducted in 2018. All of them had between 10 and 20 years of
practical experience in the field and tertiary education.
For the evaluation of detectability and occurrence probability, a 5-point Likert scale was used.
The latency period was detected with the accuracy of one year. The data was collected using the
Delphi technique, where independent and anonymous expert judgements are combined through
mathematical aggregation [73]. The experts were asked to provide their evaluation individually and
anonymously to each other. The responses from all experts were summarized and mean values
calculated. The collective mean results were sent to all experts who were then asked to revise
their evaluation or agree/disagree with the collective result. Three participants agreed with the
collective results. Two experts reviewed the group results after a reminding phone call and stated
their agreement with the consensus. Hallowell et al. [67] have described the “bandwagon effect”,
where decision-makers may feel pressure to confirm the opinion of a group. Due to the fast agreement
with the consensus and to investigate whether there was the described effect, the team of experts
was brought physically together. The highest and lowest evaluations were discussed with the group
to check whether there were hidden assumptions. Positively, the consensus was not changed after
the meeting. The primary reason was that the individual evaluations depend highly on the skills
and experience of the expert and the results may vary. The data collection process was conducted in
2018. A more specific description of the method as well as the results are presented in other papers by
the author [7].
2.5. Economic Risk Priority Number
The outcome of the economic relevance calculation for each degradation factor is the ERPN,
calculated with Equation (2):
ERPNDF = EAVDF ×OVDF × DVDF, (2)
where
ERPNDF is the economic risk priority number (ERPN);
EAVDF is the economic assessment value;
DVDF is detectability;
OVDF is the likelihood of occurrence.
An economic assessment value is developed to quantify future repair costs of specific degradation
factors. In regard to the life cycle costing method, which reflects the expenses in each phase of
the building [74], the current model focuses only on the future repair costs of the shortcoming of
a construction process activity. The discounted repair costs are leveraged with the construction cost
index for new residential buildings provided by Eurostat to maintain comparability during economic
fluctuations. As the simulations in this model are based on the situation of Estonia, the construction
cost index for quarter 4 in 2017 was 116.6% [75], considering the year 2010 as the reference year.
The economic assessment value is calculated with Equation (3):
EAVDF =
NPVDF
CCI
, (3)
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where
EAVDF is the economic assessment value;
NPVDF is the discounted repair costs of a degradation factor;
CCI is the construction cost index.
The repair costs are the time-relevant component and are calculated with the net present value
(NPV) method as shown in Equation (4):
NPVDF =
CR
(1 + Rr)
LPDF
, (4)
where
NPVDF is the net present value of the repair costs for a degradation factor;
Rr is the real discount rate per annum;
LPDF is the latency period of a degradation factor;
CR is the repair cost of the selected repair method.
The economic relevance model focuses on the features of the Estonian market. The real interest
rate of 0.52% considers the inflation of 3.73% [76] and the average 5- to 10-year loan interest rate for
entrepreneurs, which is 4.25% [77].
Professionals in the field [3,6,10,11,23,78] have thoroughly described the repair methods which
are reliable to use for ETICS. To ensure comparability, the cost calculations examine the area of
1 m2. The usage of industry data has provided valuable and more exact results in other studies [79].
Therefore, the cost data for the simulations is provided by an experienced professional from one active
construction company and is based on the costs of projects simultaneously under construction from
September 2017 until January 2018 in Estonia. The cost difference ratio to the initial construction cost
of simulation 1 is shown in Table 2.
Table 2. The comparative ratio of initial construction and repair costs.
Description of Construction Work Simulation 1 Simulation 2 Simulation 3
The initial construction ETICS 1.00 1.08 1.30
Replacement of insulation 1.74 1.80 2.01
Replacement of reinforcement layer 1.11 1.11 1.11
Replacement of finishing layer 0.50 0.50 0.50
2.6. Technical–Economic Relevance Value of the Degradation Factors
The discussed ERPN and SV are to be considered in one model. The traditional risk matrix
concerns the likelihood of occurrence and consequence on the x- and y-axis. In this study,
the consequence concerns the weighted technical severity impact of a degradation factor. However,
there are more components considered on the other axis. It concerns the occurrence, detectability,
and economic impact, which are combined into an ERPN. The risk matrix (Figure 5) positions each
degradation factor in a risk category. The positioning of the matrix is in the Cartesian coordinate
system, and the numerical values correspond to risk levels—a higher score means increased risk.
This work is based on a 5 × 5 cell matrix, having 25 risk cells, as often used in research [80,81].
The 25 risk cell matrix is divided into three risk categories. The categories are described as follows:
“low” is acceptable, no action required; “medium” is tolerable, additional action required; “high” is
not acceptable, immediate action required.
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As there are three risk categories, an additional ranking within a single risk category is required
to prioritize the degradation factors to each other. Therefore, the degradation factor is also described
with the TER value for further analysis with Equation (5).
TERDF = SVDF × ERPNDF, (5)
where
TERDF is the technical–economic relevance (TER) number;
SVDF is the weighted technical severity value (SV);
ERPNDF is the economic risk priority number (ERPN).
The ERPN and SV are classified into five categories. Category 5 represents the highest economic
or technical relevance, and category 1 the lowest. The highest value is the maximum value received
during the evaluations, and other categories are distributed equally. For the conducted simulations,
the maximum ERPN is 910.2, and the SV is 0.633. The evenly distributed category ranges are shown in
Table 3.
Table 3. Categorization of the economic risk priority number (ERPN) and weighted technical severity
values (SV).
Category Risk Description ERPN SV
5 very high 728.2 < ERPNDF < 910.2 0.506 < SVDF < 0.633
4 high 546.1 < ERPNDF < 728.1 0.380 < SVDF < 0.505
3 medium 364.2 < ERPNDF < 546.1 0.253 < SVDF < 0.379
2 low 182.0 < ERPNDF < 364.1 0.127 < SVDF < 0.252
1 very low ERPNDF < 182.0 SVDF < 0.126
3. The Technical–Economic Relevance of the Degradation Factors
The input values for the TER simulation are the SV and the ERPN, whose average impact by
layers is shown in Figure 6. Higher value means higher relevance. The comparison shows which
component influences the outcome and in which direction. As the components are described in more
detail in other papers, the influence of the components is described only in layers in this paper.
The average SV is very high in the layer of reinforcement for all simulations. Simulation 1 has high
values in the same range for the substrate and adhesive layers. The increased relevance of simulation
1 is caused by the fixing method (purely bonded), which emphasizes the degradation factors that
decrease adherence properties. The lowest average SV is for a layer of insulation. In regard to the SV,
it must be noted that the standard deviation is relatively high, meaning that the risk categorization
should provide relevant information for better decision-making.
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Economic relevance is highest in the substrate, adhesive, and additional details’ layers. The main
cause is the high repair costs, as the replacement of the whole system is considered. The detectability
increased the relevance in the adhesive and reinforcement layers. These defects are covered at the
same time as they occur, and problems can be identified only during the brief application period.
The occurrence value was highest in the additional details’ layer, followed by the substrate layer.Buildings 2018, 8, x FOR PEER REVIEW  11 of 26 
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layers, where the whole system is to be replaced, increases the average ERPN. Simulation 2 has the
lowest ERPN due to the lower cost of polystyrene plates, which are fixed with mechanical anchors and
supplementary adhesive.Buildings 2018, 8, x FOR PEER REVIEW  12 of 26 
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“Risk1” is the group with the highest SV and concerns three unique degradation factors relevant
for all simulations and one degradation factor relevant for simulation 1. The freezing of adhesive
during the curing process (M9b), relevant for simulation 1, has a strong influence on the adhesion
properties as the system is purely bonded. Other shortcomings relevant for all simulations concern
the layer of reinforcement and insulation—continuous gaps between the substrate and adhesive
which enable airflow in the system (I4), thin reinforcement mortar thickness (R6), and freezing of the
reinforcement layer (M9c).
“Risk2” describes the degradation factors with the highest ERPN category and concerns eight
shortcomings. All shortcomings in this group belong to the substrate and adhesive layers. Only one
degradation factor belongs to simulation 1—substrate covered with old paint (S4b). All other factors
belong to simulation 3, which is the expected result due to the higher repair cost of the mineral
wool. The highest values have degradation factors which describe the low load-bearing capacity (S5a),
coverage of the substrate with old or existing paint (S4a), and an insufficient amount of adhesive (D3a).
The insufficient amount of adhesive received high values in the technical severity category of safety
against fire, which is reduced due to possible airflow in the system. The other relevant factors influence
mainly the stability of the system influenced by fixation—unleveraged adhesive on the mineral wool
(D5), dry curing conditions of the cement-based adhesive (M11a), usage of unsuitable adhesive (S7a),
and not pre-processed detached areas (S6a) are the other relevant shortcomings in this group.
Group “Risk3” describes the shortcomings in category 4 for both components. A relevant
degradation factor for all simulations is the improperly finished windowsills, enabling moisture
to penetrate into the system (X2). Other risks concern simulation 1 and simulation 2. They describe
the works that decrease the adhesion properties—low humidity of the substrate (S8b), insufficient
adhesive (D3b), problematic load-bearing capacity of the substrate (S5a), and reduced area of adhesive
due to a lack of pressure applied during the attachment of insulation plates (D8b).
The medium-risk category has the largest amount of degradation factors. The degradation
factors in the substrate, adhesive, and additional details’ layers received the highest TER values.
The highly relevant shortcomings in the substrate layer concern the preparation of the substrate
surface—cleaning from biological growth (S3b), dust (S2b), and old paint (S4a), as well as problematic
load-bearing capacity (S5b) and detached and unfilled areas of the surface (S6a). Additionally, the usage
of an unsuitable adhesive type (S72, S7b) is relevant. The mixture preparation and curing conditions
received higher TER values. Relevant are the low-humidity weather factors of the substrate (S8a),
high temperature (M10b), and low relative humidity (M11a). For the application process, the exceeded
working time of the mixture (D7a, D7b), high share of kneading water (M3b), and additional unsuitable
ingredients (M8) are noted. The occasion when the adhesive is not applied on the border of the
insulation plates (D1b) is relevant for simulations 1 and 2. The shortcomings during the application
of additional details concern moisture penetration into the system through problematic fixed frame
connections (X4) and penetrations into the system due to objects attached on the façade (X7).
The low-risk category concerns mainly the shortcomings in the layers of the finishing coat,
insulation, and mechanical anchors. In the finishing layer, low relevance is set for the increased
and decreased thickness of the applied mortar (F3, F4) and missing primer (F1). In the mechanical
anchors layer, the highly or deeply placed anchor plates (A7, A6), wrong placement of the anchors in
comparison to the manufacturer’s recommendations (A5), as well as uncleaned anchor holes (A10)
are noted as irrelevant. The shortcomings during the application of insulation plates show that the
increased width of the neighbouring polystyrene insulation plates (I7), crossed joints (I5), broken
and not filled polystyrene plates (I9), and missing fire-retardant areas if required (I10) are the least
problematic (I10). The reason for their low values lies in the ERPN, as the defects are easily detectable
and do not occur very often.
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For further analysis, the TER values of the simulations are positioned in accordance with their
sequence in the construction process in Figure 10. The circles around the degradation factors show
their belonging to the risk category. The horizontal lines show the average TER values by layers;
the groups with a green line are discussed more specifically. The figure shows that construction works
have the highest relevance for simulation 1 in the substrate and adhesive layers, while in other layers,
the impact is relatively similar to other simulations. This difference is mainly due to the fixation type,
which increases the technical risk. The lowest risk can be noted for simulation 2, which concerns the
insulation plates made out of polystyrene and fixed with mechanical anchors and supplementary
adhesive. Simulation 3 is in between, with the exception of the work concerning additional details,
which is marked as group TE9. Simulation 3 has a comparable average technical risk to simulation 2,
but increased economic impact due to the higher cost of mineral wool as the insulation material.
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The increased e iati i tice ithin the substrate layer (group “TE1”).
The group includes eight e r ti tr te layer, of hich four concern simulation
1. The co o fact t strate is covered ith old paint and it reacts
with adhesive (S4a, S4b) or is under the load-be i i , . Other highly relevant
shortco ings are t r l i it f t tr t ( ), hich is a risk in the curing proce s
mainly for inorganic i t res s it le esi e t es (S7b). The low-relevance group “TE2”
contains the shortco ings hich concern the s bstrate coverage ith oil (S1a, S1b). Although the
factors of substrate covered with old paint (S4a and S4b) and substrate covered with dust or dirt
(S1a and S1b) have the same technical effect on the system, the ERPN of the low relevance group is
decreased substantially due to good detectability and lo occurrence probability, which reduce the
relevance value by more than five times.
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The high relevance group “TE3” brings together the factors in the adhesive layer, concerning
the application of insufficient adhesive (D3a, D3b) as well as missing adhesive in the centre (D2a) as
insulation plates made out of polystyrene are applied. The differentiation from the average is caused by
a high occurrence value. The low relevance group “TE4” describes wrong material storage conditions
(M1a, M1b) and an insufficient mixing procedure which leaves clots in the mixture (M2a, M2b).
In contrast to “TE3”, the high deviation is due to a very low occurrence value. For the same reason,
the group “TE5” differentiates from the average. The technical severity of the degradation factor from
“TE5”, which describes continuous gaps in the system due to the installation application (I4), is highly
influenced by the effect of fire protection as the requirement is highly influenced by airflow within
the system.
The groups “TE6” and “TE8” include a number of factors which have a negative deviation from
the trendline. The groups include the majority of degradation factors in the insulation, mechanical
anchors, and finishing layers. The degradation factors in the reinforcement layer (group “TE7”) have
a positive deviation, but the values remain in the middle area compared to all factors. The degradation
factors that occur during the installation of additional details (group “TE9”) received relatively high
values. Problematic are the windowsills (X2) and fixed frame connections (X4), as well as unfinished
penetrations through the system when objects are added on the surface of the system (X7). The value
of the failures in this group is increased due to the high occurrence rate.
4. Implications of the Latency Period on the Decision-Making Process
The stakeholders in the construction process should reduce the occurrence of degradation factors
for a better overall outcome. However, the economic reasonability of resource allocation is influenced
by the contractual defect liability period, which is, by law, two years in many cases.
The latency distribution of the degradation factors shows that the majority of shortcomings appear
after the two years of construction for the systems attached to mechanical anchors (simulations 1 and
2), while the majority of the shortcomings for the purely bonded system appear during the first 2
years (simulation 3). Figure 11 presents the distribution of the shortcomings according to the latency
period. Simulations 1 and 2 have more degradation factors with the high- and medium-risk categories,
which appear after the latency period of two years.
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In order to take a closer look, the high- and medium-risk category degradation factors have been
differentiated by layers and a 2-year liability period in Figure 12. The latency period of the shortcomings
in the substrate and adhesive layers for the purely bonded system (simulation 1) differentiate from the
other simulations—19 factors out of 24 appear during the first two years after construction. This means
that the adhesion properties are more relevant to the contractor and problems show visible signs of
deterioration during the short period after application. Additionally, in the finishing layer, five of
six relevant shortcomings appear during the two-year period in all simulations. These defects are
technically less relevant, but are visibly detectable and occur quite often. Especially in these layers,
the legal liability is covered by the contractor.
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According to the results of this study, the following onsite aspects should be considered to 
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5. Conclusions and Suggestions
The i crease er of energy efficiency requirements have increased the refurbishment
rate of apartment buildings covered with an external thermal insulation composite system (ETICS).
The majority of visible defects in the years following completion are caused by shortcomings during
the construction process. To avoid failures, quality control should focus on the factors which have
increased technical relevance as el as financial i t.
The technical–economic relevance (TER) model expands the tradi ional FMEA appro ch by adding
the impact of future costs caused by the shortcomings of technical s verity, detectability, and occurre ce
of the failure. The mod l evaluates and diff rentiates th s gnificant o site constructi activ ties
in terms of system type for more rati nal resource allo ation and is also suitable for small- nd
me ium-sized enterprises. The model was tested on three simulations hic t e onsite
degradation factors of ETICS.
In this study, 103 degradation factors er e l t t t j e t. The data was
validated with the Delphi technique and no parametric Friedman’s test. Cost data f r three simulations
was received from one active company from the industry. The results emphasize the relevance of
onsite activities during substrate preparation and the application of adhesive and a base coat with
reinforcement mesh. Less relevance is assigned to the activities during the application of a finishing
coat and installation of insulation plates.
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According to the results of this study, the following onsite aspects should be considered to increase
the quality of the façade system:
1. The shortcomings during the preparation of the substrate and application of adhesive have a very
high impact on the technical severity as well as a fatal outcome on the system as the critical limit is
exceeded. The possible high cost of replacement should be replaced by an increase in the quality
and more careful inspection during the application process. The majority of the shortcomings of
the purely bonded system appear in the two years following construction.
2. The frequently occurring and systematic problems occur due to the installation of additional
details, such as windowsills, connections between fixed frames and ETICS, and other penetrations
through the system. These defects cause significant technical degradation as well as having high
repair costs. It is suggested to reduce the moisture penetration into the systems.
3. The weather-related degradation factors are relevant for most of the layers which concern
mixtures. Freezing or drying out of the mixtures, as well as high humidity remaining in the
system, have a relatively high impact on the technical outcome. Good climate through coating as
well as temperature and humidity control are highly recommended.
4. During the application of the adhesive and reinforcement layers, the shortcomings will be covered
simultaneously, which makes it difficult to detect and repair the mistakes during the process.
The habits and working methods of individual artisans have a high impact as the activities are
repeated. To avoid the shortcomings in these layers, the upscaling of skills and work methods is
highly suggested.
The simulations have provided logical results and are relevant to the decision-making process.
For more specific modelling, a sublevel of onsite activities could be applied in future studies.
For example, the mixtures can be differentiated by their nature and ingredients, which are only
partially observed in this research. The construction process shortcomings have different severity
impacts on various mixture types. Additionally, the additional details in this study are only generally
described. It would be worthwhile to select specific solutions for additional details and develop their
degradation factors in a more specific manner.
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Appendix A
Table A1. Data (1).
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1 S1a S Substrate is covered with grease or oil 0.327 3 121 1 40 Low 135 1 44 Low
2 S1b S Substrate is covered with grease or oil 0.460 4 137 1 63 Med.
3 S2a S Substrate is covered with dust or dirt 0.320 3 339 2 109 Med. 378 3 121 Med.
4 S2b S Substrate is covered with dust or dirt 0.449 4 375 3 169 Med.
5 S3a S Substrate is covered with biological growth 0.318 3 451 3 144 Med. 504 3 160 Med.
6 S3b S Substrate is covered with biological growth 0.445 4 468 3 209 Med.
7 S4a S Substrate is covered with paint or other material which canchemically react with adhesive 0.356 3 678 4 241 Med. 756 5 269 High
8 S4b S Substrate is covered with paint or other material which canchemically react with adhesive 0.452 4 762 5 344 High
9 S5a S Substrate is under the required load-bearing capacity 0.425 4 714 4 303 High 797 5 338 High
10 S5b S Substrate is under the required load-bearing capacity 0.457 4 534 3 244 Med.
11 S6a S Substrate has large unevenness or has detached areas 0.261 3 653 4 170 Med. 729 5 190 High
12 S6b S Substrate has large unevenness or has detached areas 0.333 3 470 3 157 Med.
13 S7a S Unsuitable surface (too smooth) which reduces adhesion properties 0.292 3 670 4 196 Med. 748 5 218 High
14 S7b S Unsuitable surface (too smooth) which reduces adhesion properties 0.373 3 716 4 267 Med.
15 S8a S Substrate has very low humidity (inorganic adhesive) 0.308 3 568 4 175 Med. 634 4 195 Med.
16 S8b S Substrate has very low humidity (inorganic adhesive) 0.445 4 611 4 272 High
17 S9a S Substrate is very wet (raining prior to application of adhesive) 0.305 3 400 3 122 Med. 446 3 136 Med.
18 S9b S Substrate is very wet (raining prior to application of adhesive) 0.411 4 430 3 177 Med.
19 S10a S Substrate is frozen during the application (inorganic adhesive) 0.450 4 312 2 140 Med. 348 2 157 Med.
20 S10b S Substrate is frozen during the application (inorganic adhesive) 0.476 4 302 2 144 Med.
21 M1a D Unsuitable mixture storage conditions 0.301 3 243 2 73 Med. 271 2 82 Med.
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22 M1b D Unsuitable mixture storage conditions 0.424 4 235 2 100 Med.
23 M2a D The mixing procedures do not remove clots 0.206 2 368 3 76 Med. 411 3 84 Med.
24 M2b D The mixing procedures do not remove clots 0.259 3 305 2 79 Med.
25 M3a D High share of kneading water 0.284 3 421 3 120 Med. 469 3 134 Med.
26 M3b D High share of kneading water 0.351 3 523 3 184 Med.
27 M4a D Low share of kneading water 0.310 3 453 3 140 Med. 505 3 157 Med.
28 M4b D Low share of kneading water 0.327 3 439 3 144 Med.
29 D1a D Missing adhesive on the edges of insulation (polystyrene) 0.404 4 302 2 122 Med.
30 D1b D Missing adhesive on the edges of insulation (polystyrene) 0.472 4 474 3 223 Med.
31 D2a D Missing adhesive in the center of insulation (polystyrene) 0.317 3 343 2 109 Med.
32 D2b D Missing adhesive in the center of insulation (polystyrene) 0.396 4 334 2 132 Med.
33 D3a D Insufficient adhesive surface area 0.414 4 680 4 281 High 758 5 314 High
34 D3b D Insufficient adhesive surface area 0.389 4 658 4 256 High
35 D4 D Adhesive is not rubbed into the insulation plate (mineral wool) 0.276 3 664 4 183 Med.
36 D5 D Adhesive is not treated with notch towel (mineral wool) 0.306 3 772 5 236 High
37 D7a D Working time of the adhesive is exceeded 0.342 3 464 3 159 Med. 518 3 177 Med.
38 D7b D Working time of the adhesive is exceeded 0.445 4 495 3 220 Med.
39 D8a D Low pressure during the application of insulation plates 0.253 2 807 5 204 High 901 5 228 High
40 D8b D Low pressure during the application of insulation plates 0.397 4 587 4 233 High
41 D9a D Large unevenness of the adhesive layer 0.231 2 585 4 135 Med. 653 4 151 Med.
42 D9b D Large unevenness of the adhesive layer 0.320 3 569 4 182 Med.
43 M9a D Low temperature (freezing) during application and/or curing process 0.425 4 308 2 131 Med. 344 2 146 Med.
44 M9b D Low temperature (freezing) during application and/or curing process 0.523 5 376 3 196 High
45 M10a D High temperature (hot) during the curing process 0.305 3 474 3 144 Med. 528 3 161 Med.
46 M10b D High temperature (hot) during the curing process 0.405 4 458 3 185 Med.
47 M11a D Low humidity (dry) during the curing process 0.260 3 706 4 184 Med. 788 5 205 High
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48 M11b D Low humidity (dry) during the curing process 0.366 3 684 4 250 Med.
49 M8 D Not recommended ingredients added to the mixture 0.466 4 457 3 213 Med. 473 3 220 Med. 528 3 246 Med.
50 I1 I Polystyrene is exposed to UV radiation for an extended period 0.401 4 170 1 68 Med. 176 1 71 Med.
51 I2 I Insulation plates installed shortly after manufacturing (unfinished diffusion) 0.263 3 597 4 157 Med. 618 4 162 Med.
52 I3a I Mineral wool insulation plates have very high relative humidity (wet) 0.304 3 326 2 99 Med.
53 I3b I Insulation plates have very high relative humidity (wet) 0.136 2 438 3 60 Med. 454 3 62 Med.
54 I4 I Continuous gaps between the substrate and insulation material 0.532 5 437 3 233 High 453 3 241 High 505 3 269 High
55 I5 I Corners of neighboring insulation plates are crossed or too close 0.230 2 268 2 62 Low 277 2 64 Low 309 2 71 Low
56 I6 I Corners of the openings have crossed joints 0.277 3 327 2 91 Med. 338 2 94 Med. 377 3 105 Med.
57 I7 I Insulation plates’ joint width of neighboring insulation plates is too wide 0.208 2 144 1 30 Low 149 1 31 Low 167 1 35 Low
58 I8 I Large height difference between neighboring insulation plates 0.195 2 389 3 76 Med. 403 3 79 Med. 449 3 88 Med.
59 I9 I Broken areas of the insulation plates are not filled with the same material 0.217 2 268 2 58 Low 278 2 60 Low 310 2 67 Low
60 I10 I Missing or narrow fire-retardant areas 0.218 2 184 2 40 Low 191 2 42 Low
61 A1 A Increased diameter of the drilled anchor hole 0.423 4 275 2 117 Med. 275 2 117 Med.
62 A10 A Hole of the anchor is not cleaned 0.235 2 195 2 46 Low 195 2 46 Low
63 A5 A Location of anchors is not as foreseen 0.261 3 139 1 36 Low 139 1 36 Low
64 A3 A Decreased amount of anchors in the continuous areas 0.355 3 193 2 68 Med. 193 2 68 Med.
65 A8 A Decreased amount of anchors in the corner areas 0.392 4 138 1 54 Med. 138 1 54 Med.
66 A9 A Usage of unsuitable anchor type 0.452 4 327 2 148 Med. 327 2 148 Med.
67 A2 A Decreased diameter of the anchor plate 0.338 3 82 1 28 Low 82 1 28 Low
68 A6 A Anchor plate is installed too deeply into the insulation material 0.219 2 148 1 32 Low 148 1 32 Low
69 A7 A Anchor plate is placed too high on the surface of the insulation material 0.246 2 110 1 27 Low 110 1 27 Low
70 R1 R External layer of the insulation plate is too smooth, reducing adhesion 0.395 4 374 3 148 Med. 374 3 148 Med.
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Table A4. Data (4).
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71 M1c R Unsuitable material storage conditions 0.494 4 188 2 93 Med. 188 2 93 Med. 188 2 93 Med.
72 M2c R The mixing procedures do not remove clots 0.391 4 166 1 65 Med. 166 1 65 Med. 166 1 65 Med.
73 M3c R High share of kneading water 0.469 4 248 2 116 Med. 248 2 116 Med. 248 2 116 Med.
74 M4c R Low share of kneading water 0.418 4 228 2 95 Med. 228 2 95 Med. 228 2 95 Med.
75 R6 R Thin mortar layer 0.580 5 338 2 196 High 338 2 196 High 338 2 196 High
76 R2 R Decreased overlap of the mesh 0.358 3 327 2 117 Med. 327 2 117 Med. 327 2 117 Med.
77 R3 R Folded mesh 0.254 3 156 1 40 Low 156 1 40 Low 156 1 40 Low
78 R4 R Missing diagonal mesh 0.328 3 313 2 103 Med. 313 2 103 Med. 313 2 103 Med.
79 R5 R Mesh not filled with mortar, placed on the edge of the layer 0.413 4 291 2 120 Med. 291 2 120 Med. 291 2 120 Med.
80 R7 R Layer is not applied in wet-to-wet conditions 0.354 3 466 3 165 Med. 466 3 165 Med. 466 3 165 Med.
81 R8 R Usage of incompatible mesh 0.458 4 255 2 117 Med. 255 2 117 Med. 255 2 117 Med.
82 M9c R Low temperature (freezing) during application and/or curing process 0.633 5 203 2 129 High 203 2 129 High 203 2 129 High
83 M10c R High temperature (hot) curing conditions 0.447 4 245 2 110 Med. 245 2 110 Med. 245 2 110 Med.
84 M11c R Low humidity (dry) curing conditions 0.446 4 188 2 84 Med. 188 2 84 Med. 188 2 84 Med.
85 M12c R Usage of winter mixtures during unsuitable weather conditions 0.326 3 184 2 60 Med. 184 2 60 Med. 184 2 60 Med.
86 X6 X Shock resistance solution is not used (i.e., no double reinforcement mesh,corner details with metal or additional protective plate installed) 0.300 3 511 3 153 Med. 529 3 159 Med. 590 4 177 Med.
87 F2 F Reinforcement mixture or primary coat is not cured 0.252 2 169 1 43 Low 169 1 43 Low 169 1 43 Low
88 F1 F Missing primer if required 0.219 2 86 1 19 Low 86 1 19 Low 86 1 19 Low
89 M1d F Unsuitable material storage conditions 0.557 5 73 1 41 Med. 73 1 41 Med. 73 1 41 Med.
90 M2d F The mixing procedures do not remove clots 0.454 4 56 1 26 Med. 56 1 26 Med. 56 1 26 Med.
91 M3d F High share of kneading water 0.510 5 23 1 12 Med. 23 1 12 Med. 23 1 12 Med.
92 F3 F Thick render layer/differences in thickness 0.183 2 56 1 10 Low 56 1 10 Low 56 1 10 Low
93 F4 F Thin render layer 0.283 3 69 1 20 Low 69 1 20 Low 69 1 20 Low
94 M9d F Low temperature (freezing) during application and/or curing process 0.595 5 42 1 25 Med. 42 1 25 Med. 42 1 25 Med.
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Table A5. Data (5).
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95 M10d F High temperature (hot) curing conditions 0.439 4 87 1 38 Med. 87 1 38 Med. 87 1 38 Med.
96 M11d F Low humidity (dry) curing conditions 0.445 4 105 1 47 Med. 105 1 47 Med. 105 1 47 Med.
97 X1 X Structural expansion joint is not installed/finished properly 0.288 3 245 2 71 Med. 254 2 73 Med. 283 2 81 Med.
98 X2 X Windowsill is not appropriately finished (i.e., curved upwards, proper sealants) 0.392 4 561 4 220 High 580 4 228 High 648 4 254 High
99 X3 X Unsolved rainwater drainage (i.e., drainpipe or drip profiles not used) 0.459 4 351 2 161 Med. 363 2 166 Med. 405 3 186 Med.
100 X4 X Fixed frame connection is not finished accurately (i.e., missing sealants) 0.333 3 562 4 187 Med. 582 4 194 Med. 649 4 216 Med.
101 X5 X Roof edge covers are not installed correctly (i.e., vertical detail too short) 0.225 2 507 3 114 Med. 525 3 118 Med. 586 4 132 Med.
102 X7 X Unfinished penetrations through the system (i.e., fixed without sealants) 0.389 4 397 3 154 Med. 411 3 160 Med. 458 3 178 Med.
103 X8 X Unsuitable plinth detail solutions (i.e., incorrect fixing, overlapping of details) 0.280 3 356 2 100 Med. 368 3 103 Med. 411 3 115 Med.
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